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PREFACE

In 1984 a book was published in the USSR that summarized in detail the
results of the drilling and scientific studies up to that time of the Kola
Superdeep Drill Hole on the Kola Peninsula. The bibliographic reference for
this book is: Kozlovskiy, Ye. A., 1984, Kol'skaya sverkhglubokaya: Moscow,
"Nedra," 490 p.

The U.S. Geodynamics Committee of the National Academy of Sciences
asked the Academy's Continental Scientific Drilling Committee for a summary
of this book. The request was transmitted to the U.S. Geological Survey,
where the various chapters were summarized by the following persouns:

Foreword, p. 4~18, James W. Clarke

General geology, p. 19-65, Robert C. McDowell

Rocks and rock-forming minerals, p. 66-101, John R. Matzko

Geochemistry, p. 102-177, Paul P. Hearn

Mineralization, p. 178-214, Daniel J. Milton

Gases, organic matter, hydrogeology, p. 215-282, Donald J. Percious

Geophysics, p. 283-327, James W. Clarke .

Magnetic properties, p. 328~374, Dorothy B. Vitaliano

Drilling, p. 375-480, .Gregory Ulmishek

A full translation of this book is being prepared by Springer Verlag.
We hope that this review will so stimulate the reader's interest that he will
avail himself of the opportunity to read the entire book when it is published.

We gratefully acknowledge the assistance of Juanita J. Page of Deep
Observation and Sampling of the Earth's Continental Crust, Inc. and Teddy A.
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Clevenger of the U.S.G.S. for preparing the copy.

James W. Clarke
Summary editor
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ABSTRACT

Drilling of the Kola Superdeep well (SG-3) was begun in May, 1970 on
the Kola Peninsula above the Arctic Circle in northwestern U.S.S.R. This
book presents the main results of studies to its present depth of 11,600 m.
The work is divided into three parts: geology, geophysics, and drilling.

Geology. The area of drill hole SG-3 is underlain by ancient igneo-
metamorphic rocks of the Baltic shield. Archean crystalline basement is
overlain by Proterozoic metamorphosed sedimentary and volcanic rocks.

The Archean consists of the Kola Series and is divided into two se—
quences: biotite—plagioclase and biotite—amphibole~plagioclase gneisses
and amphibolites at the base, and biotite plagioclase and muscovite-
biotite—plagioclase gneisses containing high—alumina minerals (sillimanite,
kyanite, garnet) above.

The Proterozoic in drill hole SG-3 consists of metamorphosed tholeiitic
metabasalt, metapyroxenite, metaperidotite, metatuffs, and a variety of
metasedimentary rocks (sandstomes, arkoses, carbonates) of the Pechenga
Complex.

Drill hole SG~3 is located in the Pechenga copper—nickel sulfide
district. The greatest concentrations of ore minerals were found in
zones of pyrrhotite mineralization of the Pechenga Complex. Commercial-
grade copper—nickel ore was found in the 1665-1830 m depth interval.
Three types of ores are found in the Pechenga Complex: disseminated ores
in altered peridotite, breccia ores in disturbed zones, and veinlet and
disseminated ores in phyllites. Ultramafic intrusives are doubtless the
source of copper—nickel ores.

The downward increase in temperature of metamorphism is accompanied
by a transition from brittle to ductile deformation. However, one of the
unexpected findings was a wide distribution at all depths of fissures
with various mineral fillings. It was found that mineralized zones of
crushing, cataclasis, fracturing, and low temperature hydrothermal altera-
tion, including sulfide mineralization, extend to depths 3 or 4 times
what had been expected.

Gas content of drilling mud and of cores was measured. Anomalous
high concentrations of all components were detectéd down to 11,500 m.
Methane content decreased Wwith depth from 0.05% in the Proterozoic rocks
to 0.03-0.01% in the Arcéhean rocks. Helium content tends to increase
with depth.

Drill hole SG-3 penetrates an ancient Proterozoic artesian basin.
Gravitational water is distributed throughout the entire section of meta-
morphic rocks, marking the first time that ground water has been found
under such conditions. This water is similar to deep metamorphosed marine
connate water of ancient platforms and intermontane basins.



Ground water in the 0.8-7 km interval is of the sodium-chloride
composition, salinities increasing with depth and reaching saturation in
some intervals. Water in the 4.5-9 km interval is not connected
hydraulically with the overlying zone; the water level immediately rose
80 m when this zone was penetrated. Below 7 km depth the water becomes
calcium—-chloride and calcium~sodium-chloride type. A constant inflow of
water was observed during drilling.

Crustal development in the region of drill hole SG-3 was in two
great cycles: the Archean (older than 2.6 billion years) including two
stages: 1) sedimentation and volcanism, and 2) folding, metamorphism, and
ultrametamorphism; and Proterozoic (2.6-1.1 billion years) including four
stages: 1) subsidence of mobile belt, 2) andesite-basalt volcanism, 3)
picrite basalt volcanism, and 4) folding and metamorphism.

The Conrad surface was not detected in the drill hole; a migmatitic
plagioclase gneiss is present where the basaltic layer was expected. A
continental crust comprising three layers is indicated: granite gneiss
(0-15 km), granulite gneiss (15-30 km), and a protocrust (30-40 km). Extra-
polation of geochemical trends down to 35 km suggests that the protocrust
was formed from rocks close to sodic dacite in composition.

Geophysics. These investigations included well logging, density and
porosity—permeability, acoustical properties, electrical properties, mag-
netic properties, radioactivity, heat flow, and mechanical properties.

The following logs were made in drill hole SG-3: acoustical, laterolog,
resistivity, spectrometric—gamma, gamma, neutron, impulse neutron—neutron,
magnetic, electrical potential, spectrometric neutron-gamma, gamma—gamma,
selective gamma—-gamma, thermal properties, caliper, vertical seismic pro-
filing, and gas logs. At a depth of 11 km the variation in the length of
the cable may be 20 m. This was compensated by adjusting logs to marker
horizons.

Values of porbsitj of the Proterozoic meta—=igneous and metasedimentary
rocks are in the 0.4 to 0.6 percent range, and permeability is in the 0.3
to 1.2 md range. Archean gneisses have a porosity of 1% and permeability
of 16 md.

The average longitudinal wave velocity with natural moisture for
the Proterozoic metasediments is 5.67 kmps, and that for the Archean
rocks is 3.99 kmps. The idea that velocity of rocks of the same composition
increases with depth is not confirmed. Maximum values are found in the
upper part of the section.

Magnetic susceptibility of the basaltic volcanics lies within a
narrow range regardless of extent of metamorphism. Maximum values of
this parameter are found for meta—trachybasalt schists and serpentinized
peridotites. Minimum values are characteristic of dolomites and quartzites.
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Natural remanent magnetization in the Archean rocks is in general
lower than in the Proterozoic rocks. Maximum values were recorded in
serpentinized peridotites of the Pechenga Complex.

The ratio of natural remanent magnetization to induced (Q) ranges
from 0.1 to 29 and correlates with the composition of the magnetic
minerals.

Drill hole SG-3 is divided into three zones on a basis of magnetic
characteristics. The depth interval 0-4586 m is a zone of sulfide
mineralization, and the rocks are weakly magnetic except for the ultra-
mafics. The 4586-5642 m depth interval corresponds with a zone of oxide
mineralization and is characterized by higher magnetic susceptibility.
The 5642-10,500 m depth interval is a zone of weakly magnetic rocks;
concentrations of pyrrhotite and magnetite are small.

Radioactivity was measured both in the drill hole and on samples.
Uranium and thorium content of rocks was determined in the laboratory.
Data were also obtained on the average life time of thermal neutrons.

The geothermal gradient increases with depth from 1-1.1°C/100 m in
the upper part of the Pechenga complex to 1.7-2°C/100 m in the lower part
at a depth of 6000-7000 m.

The following physical properties were measured on core samples;
static Young's modulus, static Poisson's ratio, compressive strength,
tensile strength, hardness, plasticity, and abrasivity.

An abrupt decrease in longitudinal and transverse wave velocities
and in rock density is observed at a depth of 4500 m. This coincides
with the boundary between the greenschist and epidote=amphibolite meta-
morphic facies. The deep seismic interfaces are caused by secondary
transformations leading to a change in physical properties rather than by
lithologic variability of the rocks.

Various stress fields are recognized in the section. These suggest
that there is a clearly expressed horizontal layering in the crust, re-
lated not to extensive horizontal displacements but to changes in local
conditions and mechanisms of deformation of the various deep horizoms.

Drilling. A turbo drill was used in the project. Calculations
indicate a significant advantage of turbo drilling over rotary drilling
at depths greater than 10 km. Rates of 100-200 rotations per minute
appear optimum. Steel is used for the upper 1.5-2 km of the drill string;
then aluminum.

Actual drilling time was 21.7 percent of total time at 0-2000 m,

whereas it was only 3.1 percent at 10,000-11,500 m. Drilling rate ranged
from 1.3 to 2.5 m/hour. A total of 3700.1 m of core was recovered.
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Foreword

~The Communist Party of the Soviet Union and the Soviet Government at all
stages of development of the state have given particular attention to
strengthening the mineral resource base of the country and to improving
exploration methods. For example, the economic plan for 1981-85 and on to
1990 confirms the importance of accelerated geological study of the country.
This study naturally is affected by fundamental understandings of systematic
distr ibutions of mineral resources in the deep subsurface, by new scientific
ideas, and by their implementation.

The present book addresses one of the most important problems of modern
Earth Science - a study program of the deep subsurface. Spudding in the Kola
Superdeep well marked the beginning of a new stage in the study of the
Precampbrian continental crust. The well is located in the northeast part of
the Baltic shield in an area of junction of ore-bearing Precambrian structures
typical of the basement of ancient platforms. The well is now at a depth of
12,000 m, It has passed throudh the entire Proterozoic section and a
considerable part of the Archean. Drilling continues. The present work
presents briefly the main results of studies to a depth of 11,600 m in three
sections: geology, geophysics, and drilling.

The first part of the book examines the geology of the well site; core
and the wall rock of the drill hole are described in detail. Then data are
given on the petrography and geochemistry of the Precambrian complex,
metamorphic zones, vertical ore zonaliﬁy, faults, gases, organic matter,
subsurface waters, and fina'-lly the evolution of the continental crust for
about 3 billion years,

The second part treats geopnysical studies of the Xola well: physical
properties along the seétion and the nature of geophysical interfaces.
Techniques for study of rock properties were developed.

The third part deals with the drilling process to a depth of 11,600 m.
The scientific-methodological basis for the drilling is presented, and the
drilling equipment is described. The technical-economic results of the
drilling are interpreted. The main tendencies and variations in the drilling
processes with depth are ahalyzed, as are means for improving the technology
for further deepening of this unique well.



The importance of mineral resources in the modern world increases
constantly. Oil, gas and atomic raw materials are required more and more as a
source of energy. The use of aluminum and titanium, light metals,
particularly molybdenum, and also manganese, chromium, and nickel are
increasing. Agriculture requires phosphates and potassium minerals.
Electronics and space technology cannot develop without using rare metals.
Economic potential depends ever more on mineral resources, and these
requirements continue to grow.

Exploration forAnew mineral resources has turned to the shelves of
continents beneath the seas and the floor of the ocean. Depth of exploration
on the continents has increased (fig. I.1). 0il and gas are produced from
depths of 5 to 6 km. Some gold mines are at depths of more than 3 km. Even
iron ore is worked at a depth of 1 km at Krivoy Rog, and ore reserves are
extended to 2.5 km depth. Most new deposits now being found have no surface
expression.

Study of the deep subsurface of the USSR can be divided into three
stages. The first was during the Sixties when plans were made to drill to 10
to 15 km. The second was during the Seventies with experimental drilling
in the Kola and Saatli superdeep wells. The third stage, beginning in- 1981,
is directed toward coordinated study of the crust and upper mantle of the
entire country.

The objectives are the study of:

a) Sedimentary cover of deep depreésions on cratons

b) Sedimentary section bf geosynclines

c) Composition and structure of the lower part of the granitic layer,

nature ‘
ziof the Konréd diécontinuity, and composition of the basaltic layer
d) Nature of the M-discontinuity, composition of the upper layers of
of the upper mantle

e) Processes of differentiation in the crust

f) Magma chambers p

g) Solutions and gases in the crust

h) Geothermal regime of the crust

1960-69. A group was organized that addressed "Study of the subsurface
and superdeep drilling." It coordinated about 200 scientific and industrial
agencies, 4 academicians and 15 corresponding members of the Academy of
Sciences, USSR; 5 academicians and 6 corresponding members of Academies of the
republics; 70 doctors; and 65 candidates [candidate is commonly equated with
Ph.D.]. More than 80 conferences and 75 inquiry sessions were held. The Kola
and Saatli sites were selected during this time.
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Figure I.i.F—Schematic section of crust from deep‘drilling data.
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Deep exploration drilling: I - in the shelf zone, II - for solid mineral
resources, III - oil and gas wells.

1 - Hydrosphere; 2 - oceanic basalts; 3 - Phanerozoic sedimentary and
sedimentary-volcanic rocks (age of 500 m.y.); 4 - Precambrian crystalline
rocks of "granite"” layer (age of 1,000-3,000 m.y. and more); S5 - rocks of
continental "basaltic” layer; 6 - rocks of the mantle; 7 - high-velocity
layer - Conrad discontinuity (v = 6.6-6.8 xmps); 8 - M-discontinuity

(vp = 8.0 kmps) ‘



1970-80. The program for the Seventies included development of a model of

the crust and mantle, new methods of predicting mineral deposits, compilation

of resource assessment maps, and planning for exploration in favorable regions
of the country. The program for 1976-80 included 198 projects directed toward

solution of applied problems related to fundamental theoretical analysis of
the deep subsurface.

The lead agency is the Ministry of Geology, and more than 150 scientific
and industrial organizations are involved.

Drilling of Kola SG-3 (fig. I.2) was begun in May 1970. The purposes
were:

1) Study of the deep subsurface of the nickeliferous Pechenga complex and
Archean crystalline substrate of the Baltic shield.

2) Clarification of the geologic nature of seismic interfaces in the
continental crust, and gaining new data on the thermal regime and on deep
aqueous solutions and gases.

3) btaining information on the composition and ghysical properties of
rocks, and study of the boundary between the granitic and basaltic layers of
the crust.

4) Improvement and creation of new deep-drilling and geophysical-logging
techniques.

By 1980 geophysical surveys had been completed in several of the regions;
18,000 km of deep-seismic-sounding had been run. The relief of the M-
discontinuity and the pre-Riphean surface had been mapped in East Siberia.
New information was obtainea on the upper mantle for the East European and
Siberian cratons and the platforms and foldelts that surround them. Velocity
sections to 400 km were compiled.

Kola Superdeep readﬁed a depth of 10.7 km in 1980.

The composition and properties of the rocks were found to change
systematically with depth. Vertical zonality in the metamorphic rocks was
found to be different from the theoretical model.

Geothermal gradient was found to be steeper than, had been anticipated.
The role of mantle and radiogenic sources in deep heat flow was determined.

The vertical geodaemiéél section of the crust to a depth of 11.6 km
disclosed a systematic variation with depth in the silicity and alkalinity of
the rocks as well as in the behavior of metallic, rare, and radicactive
elements.















1981-85. A new stage in the study of the deep subsurface began in the
Eleventh Five Year Plan. A net of interrelated geophysical activities is

to be set up:

Superdeep Geophysical Predictive Space-craft
research _ research polygons studies
drill holes profiles
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Deep and superdeeé-drﬁlling will be expanded. Drilling of the Kola and
Saatli holes will continue. The Tyumen, Anastas'yev-Troitsk, and Ural
superdeep (12-15 km) Holes wiil b;Jbegun. Drilling will also begin on six
deep holes: Three (Dnieper-Donets, North Caspian, Timan-Pechora) in oil

- patches and three (Muruatan, Noril'sk, and Krivorozh) in mining regions.



Rola Superdeep will reach 13,400 m during the Eléventb Five Year Plan and
will intersect another geophysical'interface, which may turn out to be the
granite-basalt boundary. Saatli will be deepened to 11,000 m.

Drilling of the Tyumen superdeep hole will give information on the oil-gas
potential of the Jurassic and pre-Jurassic section of the north of West
Siberia. The Ural superdeep wil} yield information on a very large
ore-bear ing foldbelt.

At the time the Soviets were planning these operations, the Americans
proposed an ocean drilling program. This program became international, and
Soviet scientists participated. Thus, there are two programs: The Soviet on

the continents and the international in the oceans, supplementing one another.
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General Geology

GEOLOGY OF THE NORTHEAST PART OF THE BALTIC SHIELD
The Baltic shield, 1,140,000 kmz, is the largest area of exposed
crystalline basement of the East-European Platform. The Kola Peninsula
occupies the northeast part of the Baltic Shield.

Geology of the Kola Peninsula
The Kola Peninsula is composed mainly of Precambrian crystalline rocks
(Fig. I, 6) which extend into Finland, Sweden, and Norway. These rocks are

i

Archaean gneisses with Eetamorph_ ed sodic-calcgic granitoHSS nd °
Proterozodic metamorphosed sediments and volcanics. The grchean

rocks have been dated as no less than 2700 m.y. and possibly as much as 3600
m.y. Mineral resources include iron, titanium, copper, nickel, rare-earth

metals, pegmatites, apatite. nepheline, and others.

Subsurface Geology of the Kola Peninsula
The main source of data on the subsurface is from deep seismic sounding
and seismic reflection studies. The average depth of the Mohorovicic
discontinuity on the Kola Peninsula is 37 km with a range of 28 to 40 km (Fig.
I, 7). The most important boundaries above the M-discontinuity are the Konrad
discontinuity, at the top of the granulite-basite or basalt layer, and another
at the top of the diorite layer.

Géology of the area of corehole SD-3

The area of the corehole is composed of ancient crystalline rocks,
metamorphosed to various degrees; characteristic of Precambrian of the Baltic
Shield (see Fig; I, 8. in pocket). Of continuing interest to geologists in
this area are copper-nickel deposits associated with Proterozoic ultrabasic
intrusions. The following Precambrian complexes are recognized in this area:
Archean, forming the folded basement and in tectonic blocks; and Proterozoic,
composed of ﬁnkﬂaxﬁorpﬁbseclsecﬁrnentary and volcanic rocks.

Archean
In the area of corehole SD-3 the Archean Kola Series is divided into two
sequences: biotite-plagioclase and biotite-amphibole-plagioclase gneiss and
amphibolite at the base, and biotite-plagioclase and muscovite-biotite-
plagioclase gneiss with high-alumina minerals (staurolite, andalusite,
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sillimanite, kyanite, garnet), and rarely interbeds of amphibolite, above.

The lower sequence locally contains interbeds of magnetite-garnet-quart2
feldspar schist and ferruginous quartzite, which are generally no more than
20- 30 m thick. The gneisses are irregqularly granitized locally with
formation of migmatite. The rocks of the Kola Series are metamorphosed mainly
to the amphibolite facies.

Proterozoic
The Proterozoic section consists of sedimentary and volcanic rocks of the
Pechenga and Varzug complexes and the Tundrov Series adjacent on the south.
The Proterozoic rocks directly overlie folded Archean gneisses of the basement

in a transgressive sequence with conglomerate at the base.
Results of deep geophysical studies in the area of corehole SD-3.

The first studies in the Soviet Union on the crust in shield areas were
deep seismic sounding studies in the Kola Peninsula in 1960-1963 (Fig. I,
9). Crustal thickness in the vicinity of the corehole was shown to be about
40 km. The early seismic work showed a total thickness of 7-8 km: for the
sedimentary-volcanic rocks, and essentially no granitic layer. Reflection
seismology was later used to determine the structure to depths of 10-15 km. A
gravity survey was made in 1967-1969, which confirmed the conclusions of the
seismic work. . '

The Kola superdeep’corehole should answer many questions about the Baltic
Shield and the crust in general, such as:

1) Stratigraphic subdivision of the Proterozoic and especially the

Archean: agde, thickness, structure.
2) Composition of the sedimentary-volcanic "superstructure" above the
Archean basement.

3) Test the presence of deep ore horizons.

4) Sequence of metamorphic processes in the Precambrian.

5)  Vertical zonation of hydrothermal mineralization.

6) Decrease in rock fracture with depth.

7) Gas emanations, and depth of water-bearing horizon, related to the

preceding question.

8) Paleotemperatures and the present thermal gradient.

9) Lithostatic pressures with depth.

10) Nature of geophysical boundaries.

12



GEOLOGIC SECTION OF THE OREHOLE
The results of study of the core have been compiled in geologic and
geophysical columnar sections (Fig. I, 10, 11, 12, 13). The hole penetrated
__the Pechenga sedimentary-volcanic complex and at 4700 m entered Archean
gnéiéSes, and ‘at 7-8 km depth encountered the‘high-velocity:layer, granulite-~

basite (Fig. I, 14).

Stratigraphic subdivision of the section
Tables I, 1, 2 present specific depths at which contacts were picked for
the individual sujtes of the Pechenga Complex (lLower Proterozoic) and Kola

Series (Archean).
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Fig. I, 6.--Geologic map of the Kola Peninsula. Paleozoic: 1) Upper Devonian
and Lower Carboniferous, sedimentary-volcanic complex of the Kontozef
structure. Upper Proterozoic; 2) formations of the Hyperboreal Series of the
Rybach'ev Peninsula: cénglomerate, sandstone, shale; Srednii Peninsula,
Kil'dina and Terskaya Islands: quartzite, sandstone, variegated.shale,
dolomite; Lower Proterozoic: 3) Pechanga, Imandra-Varzug, and Ruolayarvin
complexes: basic, medium, and ultr§basic lavas, tuffs, minor phyllite,’
siltsﬁone, sandstone, dolomite, and conglomerate, metamorphosed mainly to
greenschist facies. Lower Proterozoic-Upper Archean: 4) Keiva Series:
aluminous, carbonaceous, micaceous, and other schists, quartzites, and
sandstones, metamorphosed mainly to epidote-amphibolite facies; 5) Tundrov
Series: amphibolitic, micaceous, aluminous schists and gneisses, amphibolite.,
ferruginous quartzites, metamorphosed mainly to epidote-amphibolite facies. .
Lower Archean, Kola Series: 6) biotite-plagioclase, biotite-amphibole-
plagioclase, two-mica gneisses biotite—plagiociase gneiss with HAM
(high-aluminum minerals), amphibolite; mainly amphibolite facies; 7)
biotite-plagioclase gneiss wiph HAM, ampﬁibolite, pyroxene-amphibolite-
plagioclase gneiss and schist, ferruginous quartzite, mainly amphibolite
facies; 8) granulite complex: cordierite-garnet-biotite-plagioclase gneiss
pyroxene-amphibole-plagioclase gneiss aﬁd schist, amphibolitg and migmatite,
charnockite, endgrbite, mainly in granulite facies. Intrusive and
ultrametamorphic complexes: Middle Paleozoic (Upper Devonian): 9) silicic
nepheline syenite complex; Lower Paleozoic: 10) basic, ultrabasic and
alkaline rocks; Upper Proterozoic; ll) gabbro, diabase. granophyre; Lower
Proterozoic; 12) granite, granodiorite; 13) alkaline granite syenite; 14)
giébbro, gabbronorite, pyrokeqiée, peridotite, olivinite; Upper Archean; 15)
granite, granite-migmatite; 16) gabbro-anorthosite, metagabbro-norite; Lower
Archean; 17) granite, granite migmatite; 18) gzahodiorite, granite-gneiss,
plagiogranite; 19) major faults (I. Kérpinsk; II. Reiva-~-Uragub; III,
Pechenga-Varzug; IV, Lapland~Rolvits); 20) zone of maximum Caledonian

activity; 21) explosion vents; 22) Rola superdeep corehole
Key: 1) Barents Sea
2) KRandalak Bay



Fig. I, 7.--Subsurface geology of the Kola Peninsula. 1) contours on the M-
discontinuity (in km)- é) isolines of increase in force of gravity
field; 3) iso:lines of relative decrease in gravity force field;
4) major faults; 5) simatic crust; 6) sialic crust.

Key: (@) Barents Sea

@) white Sea
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Fig. I, 9.--Seismic section of the crust along the profile Ldvno-Pechengé—
Barents Sea. 1) Average position of reference (a) and other (b)
_seismic boundaries; 2) velocity (upper, average; iower, boundar?;
km/sec); 3) Phanerozoic sedimentary rocks; 4) same; Riphean; 5)
lower part of the "basaltic'" layer; 6) schist and amphibolite; 7)
gneiss'cqmp}ex; 8) gneiés, granite gneiss, granite; 10) basic and
ultrabasic intrusionms; 11) middle non-uniform part of the basalticl

layer; 12) Pechenga sedimentary-volcanic series; 13) upper mantle;

14) fault.

17



I BN UPIY
O pe wargmare | S\ D Vx.w. > /.v _v «.. ._/- /./..r_m g .# T B &
.S Q
Ry T s (NIRRT M DS T D TR B
~ L v .
&N)BME\Q:\\:\ _o _ .Nﬂv_ -v.u«-nu 3l v_. v_vv_< «.vaqv_F _ v_..‘._m L o * IS _v ...v..v-_.!-
2 A 2. Y e T . L Sy 1 AL A
8 g R 8l 3 8 8 § g(vd
by Onnghuy S 9 2 & 9 g = Sl
3 - _ 3 . — I
£ Qoo = = =z > =
m.m [SURUHEUSI VRSN \n o
& 8 [ sndas A I - I
© ”n d [¢ 14
mm tdovviay ¥ o L4 J £ i ‘&
5
[ podou s nwp v T
Ao swwmarave | v N N N\ L) \ A VUL W W VI W ¥ . vr/f._/pvﬂ./. .
: - .-\..-h.u.-..u..-ﬁ ‘ v v vV v v I S NN f *v .: f NI R M TR
ounavon mow | e w0 gt 9 VA vy vl T s T s Tl s b T B *v Y .n«.«
v . >
-Jannzovowny PRI PR ¥ VROV VRV RV ||| R A SR I [ 4t b b2t hf x
» Y . ) & - -+ v r T ¥ T TR T : B 1 T T T T T ™" o
T Y T oy S T ~Y 5 N ] ny ]
e+ "onnghuy W W m ",mnw 3 2 = 2 3
Y PP —— .- -u
= HOUINIH HOW) QN Qﬁtua owIvotin sosINnydn Q&AN _\N I
3 2o owng NN QSB.B.,_ -quourouhAy | -10gdsniidng " udag Ay _ | Mrgdvdy oo 3
mm ©undajpay |  Jr/voNIqvannuarscny oNIHNT0w30Aeanydag | O & sovanunduujohvaniany x
3Ry i) |gls o v s vavny Ol 8 o % o w n v 0 w 2 o A Q\ NN Wnddd BONIIVON o
R s .
L . 3 7 ; — % \.w 5 Y .N\\cl FZ vuuhds sovanaxdy ~
S 8 ovvddy - [ o [ E] n a 3 o Jd u 0 U x
- N
IR L 'y
( " owne \
Por sewnanaut |\ NN 1 NN\ NN VAN 1N AN VS T | 9
N‘qﬁp..- nLn;J..\\._AL“‘..hALg ’ _—- > qrp ' ‘ .‘p " Tas ..n- .-n -".\ R S
R ovnOovoNw YO .._. “P s$14 4 f L.&.u .h“u“ BN 7} b3 LS . . « s s » 2 -:.- a...“-h » . :
~J3hN20v0W N P [y (N « [N « .« > » ¥ ¥ . e »
v s.- “r 43 3 L\.\uﬁ x.u“u e huLL , ) : b3 e . . o M P Pl PR N T
T 4 Y T T T T ] & T T ¥ | T -M s ¥ A\ T .m. T IS LB LA ¥ L4 ﬂw
by "onnghuy 8|8 S 5 8
> 3owngy |/ s ovorwnwdewow | 8 0 v 3 g 0 nw v o w A |Hvowvonnudwuvovog
8 & mandadpoy 8 D v 0 9 v 3 w1 H 9w x d o @ 5/ *N BONIIUINNHINICNY
mm Rt~ #ndod Y. 4 ¥ J q /4 L] w n X \L
2.8 Nvavuron n n N 7 2 N J " d 7} Zi
..m..w ~vuuhdy w © ~ 9 p o ¢ o6 d a4 w 06 d u /]

{9 0
(\/ ":"i ~~i/9

17 =33

L

T ) B e

A

- |77

==

R

-
.

cepgu

I:.‘, 5lrarlls

Koascnaan.

=l ek

.29

23

2] 288x

{o

[« iz

|25

—|a{~ v}ﬂb"‘}zsif.; =24[r rlos

Calo(C

18



Fig. I, 10.--Columnar section of the Kola Superdeep corehole (SD-3). Pechenga
complex: 1) augite diabase., 2) basic tuff; 3) pyroxenitic and picritic
porphyrite; 4) rhythmically bedded phyllite, siltstone, sandstone, tuffite,
and tuff; 5) rhythmically bedded sandstone with minor siltstone and phyllite;
6) actinolitized diabase; 7) amphibole and biotite—chlorite schist with
ultrabasic tuff; 8) doiomi;g; 9) arkosic sandstone; 10) sericite schist
(weathering rind); 11) meta-"diabase, meta-andesite, meta-albitophyre, with
banded lava, tuff, and greenschist; 12) dolomite, marble, and polymictic
sandstone; 13) diabasfb‘porphyrité, biotite-amphibole-plagioclase schist in
andesite-basalt; 14) polymictic conglomerate, gravelite, sandstone; 15-18)
intrusives; 15) andesitic porphyrite; 16) gabbro-diabase; 17) essexitic
gabbro; 18) wehrlite; 19) sulfide copper-nickel ore. Kola series: 20)
biotite-plagioclase gneiss, schist with HAM (high alumina minerals); 21)
biotite~plagioclase and biotite-amphibole-plagioclase gneiss, schist; 22)
amphibolite; 23) talc-biotite-actinolite schist (in ultrabasic rocks); 24-26)
intrusives: 24) plagiomicrocline granite, pegmatite; 25) metagabbro: 26)
plagiogranite and dark migmatite; 27-29) ore; 27) magnetite; 28)
titano-magnetite; 29) cataclastic and mylonitized zones. Sequences: I) .
muscovite-biotite- plagioclase gneiss with HAM (andalusite, staurolite,
sillimanite, garnet); II) biotite-plagioclase and
biotite-amphibole-plagioclase gneiss and amphibolite; III)
muscovite-biotite-plagioclase gneiss with HAM (silliminate, garnet); IV)
biotite-plagioclase and biotité—amphibole—plagioclase gneiss and ahphibolite;
V) muscovite-biotitz-plagicclase gneiss with HAM (kyanite, sillimanite,

garnet); VI) biotite-plagioclase gneiss- and amphibolite

Rey: 1) Stratigraphic subdivision 17) zhdanov
2) Group 18) Matertin
3) Complex 19) Luostarin
4) Series 20) Lower Luostarin
S) Subseries , 21) Upper Luostarin
6) Formation - 22) Televin
7) Depth, m S 23) Mayarvin
8) Lithologic column : 24) Ruvernerinuok
9) Attitude of rock : - 25) Pirttiyarvin’
10) Seguence o 26) Luchiompol )
1l) Proterozoic 27) zapolyarnin
12) Pechenga 28) Archean Group
13) Nickel 29) Kola Series
14) lower Nickel 30) Archean

15) Upper Nickel 9 31) Rola
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Fig. I, 11 —-ParCS'of Kola corehole SD-3 in the intervals 2730-2830 m (a) and
4770-4900 @ (b). ‘
1) Gabbro-diabase; 2) saadstoae; 3) phyllice; 4) diabase,
actinolitized; 5) andesitic porphyry, 6) dolomité; 7) dolomitic
sandstone; 8) sericitic schist (weathered rind); 9) schistose
diabase. 
Key: 1) Depth, M
2) Lithologic column
3) Amount of core, %

4) Calliper



Fig.

(a) and 11,360-11,460 m (b).

I, 12.--Parts of the Kola corehole SD-3 in the intervals 10,550-10,640 m

1-3) biotite-plagioclase gneiss; 1)

with HAM, 2) with kyanite, sillimanite, garnet, 3) with garnet,

sillimanite; &) biotite-amphibole-plagioclase gneiss; 5)

amphibolite; 6) talc-biotite-actinolite-schist (in ultrabasic

rocks); 7) granite; 8) pegmatite.

Key:(I) Deptﬁ, M

@ Lithologic column

<:> Amount of core, %

<§> Calliper

V&)

3)

BX - Laterolog

'K - Gamma log

AK - Acoustic log
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Fig. I, 13.--Geologic and geophysical section of Kola corehole SD-3.
1) Augite diabase with pyroxenc and picrite porghyry iloterbads;
2) tuff and tuffite of basic composition; 3) phyvllite, siltstone,
with tuff interbeds; 4) rythmicalliy bedded sandstone wilh lesser
siltstone and phyllite; 5) actinolitized diabase; € dolomite,
arkosic sandstone; 7) sericit schist; 8) metadiabase; 9)
dolomite, polymictic sandstone; 10) aiabasic poryphyr}f and
schist; 11) polymictic conglomerate, gravelite; [z, biotite-
plagioclase gneiss with HAM; 13) wmigmatized and grznitized
biotite-plagioclase gneiss; l4) magnetite-amphibolite schist; 15-
18) intrusives: 15) andesitic porphyry, 16) wehrlite, 17) gabbro-
diabase (dagger: granite), 18) fault. Sequences I, IILI, Vv, VII:
muscovite-biotite-plagioclasae gneiss with HAM (andalusite,
staurolite, sillimanite, garnet) with ;mphibolite bodies;
sequences II, IV, VI: biotite-plagioclase gneiss, biotite-

amphibole-plagioclase gneiss and amphibolite.

Key:(1) Group @ Gamma log
) (1) Resistivity log
Series . 19 Caliper log

a3 7]
4) Acoustical log
Lithologic column @9 Vertical seismic profile (?)

Suite, sequence

Archean
Proterozoic

Kola series
Pechenga Complex

Luostarin, Nickel
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Fig. I, 14.--Comparison of the section at corehole SD-3 as projected from
seismic studies (a) and from the core (b). 1) effusive rocks of mainly basic
composition; 2) sedimentary rock;g 3) gneiss, granite g;eiss, and amphibolite;
4) granulitic basalt; 5) gnéissfand amphibolite in a high metamorphic facies;
6) fault.
Rey: 1) Sedimentary-volcanic rocks of the
Pechenga Complex (Lower Proterozoic)

2) Luostarin Series

3) Nickel Series

4) FRola Series (Archean)

5) Granulite~basite sequence
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See next page for translation.
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Table I, l.--Stratigraphic subdivision of the Pechenga Complex {(Lower

Proterozoic) at corehole SD-3.

Key:

1)
2)
3)
4)
5)
6)
7)

8)
9)

10)
11)

12)
13)

14)
15)

16)
17)

18)
19)

20)
21)
22)
23)

Series

Formation

Interval

Characteristics of the rock

Vg;tical Thickness, m

Matertin (mt)

Diabase, spheroidal and massive lava with minor interbeds of tuff,
picrite, and pyroxene porphyriéé.

Zhanov ({gd)

Finely rhythmic siltstone, phyllite, with interbeds of tuff and
sandstone. Oligomictic and polymictic sandstone with interbeds of
conglomerate, phyllite, and siltstone.

Zapolyarnin (zp)

Actinolitized diabase, spheroidal and massive lava with minor
interbeds of tuffaceous rocks

Luchulompol' (1z)

Dolomite, dolomitic sandstone, arkosic sandstone with interbeds of
siltstone -

Pirttiyarvin (pr)
Metadiabase, meta-andesite, schist in diabase and andesite, including
banded lava
Ruverneriniok (kw) ;

Tremolite-carbonate sSchist. limestone marble, quartzose sandstone
Mayarvin (ma)

Amphibole-plagioclase and biotite-amphibole-plagioclase schist (in
diabase) )

Televin (tlw)

Metasandstone and metagravelite
Nickel
Luostarin
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Table I, 2.--Stratigraphic subdivision of the Kola Series (Archean) at
corehole SD-3.
Key: 1) Sequence no.
2) 1Interval, m
3) Characteristics of the sequence
4) Vertical thickness. m
5) Muscovite-biotite-plagioclase gneiss with HAM (andalusite,
staurolite, sillimanitq, garnet).
6) Upper part of sequence:’muscovite—biotite—plagioclase gneiss with HAM
7) Lower part of sequence: muscovite-biotite-plagioclase gneiss witn HAM
and amphibolite bodies
8) Biotite-plagioclase and biotite-amphibole-plagioclase gneiss and
amphibolite
9) Upper part of sequence: biotite-plagioclase gneiss and amphibolite,
principally with cummingtonite
10) lower part of sequence: biotite-plagioclase, bibtite—amphibole—
plagioclase gneiss and amphibolite
1l1) Muscovite-biotite-plagioclase gneiss with HAM (sillimanite, garnet)
12) Biotite-plagioclase gneiss and amphibolite
13) Muscovite-biotite-plagioclase gneiss with HAM (kyanite, sillimanite,
garnet)
14) Biotite-plagioclase gneiss
15) Biotite-plagioclase gneiss with HAM (garnet, sillimanite) and
amphibolite with garnet
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Rocks and Rock-Forming Minerals
Volcanic, sedimentary and intrusive rocks, metamorphosed to varying

degrees, as well as; L .. .\ultrametamorphic rocks, occur in the
section penetrated by the SG-3 drillhole. The upper part of the section is
represented by a Proterozoic metamorphosed sedimentary-volcanic complex and
the lower part by an Archean polymetamorphic complex.
Metamorphic and Intrusive Rocks of the Pechenga Complex

Basic volcanic rocks make up more than 70 percent of the Pechenga
Complex, the remainder being composed of intermediate and ultramafic volcanics
and tufogenic-sedimentary rocks. The latter includes tuffs, welded tuff
breccias, conglomerates, gritstones, sandstones, siltstones, pelites, and

carbonates. On the basis of mineral composition and paragenesis, the
intensity of the regional metamorphism increases with depth, from prehnite-
pumpellyite to epidote-amphibolite with local appearances of amphibolite
facies.

Volcanic Rocks
Diabasic volcanic rocks occur in the Matertin, zapdyarnin, Mayarvin,
Pirttiyarvin, and zhdanov Formations.

Magmatic structures and minerals occur in the volcanic rocks in the
upper part of the section, while a combination of primary magmatic features
and neogenic metamorphic structures and minerals occur in the middle part, and
neogenic metamorphic minerals, structures, and textures in the lower part of
the section. The rocks are not uniformly metamorphosed, and the mineral
composition is usually heterogeneous. Massive rock varieties yield to
schistose varieties at depth.

Basalts are composed of pyroxene-augite and volcanic glass, with
occasional laths of albitized plagioclase. Diabases are composed mainly of
pyroxene-augite, salite, plagioclase, with rare hornblende and quartz.

The volcanic rocks in the section suggest, two types of volcanic
activity: trachy—andes;te basalts (Mayarvin and Pirttiyarvin Formations), and
picritic basalts higher up in the section (Zapolyarnin and Matertin
Formations).

Sedimentary-Rocks

Tufogenic-sedimentary rocks include tuffs, tuff breccias, and tuffites
(Matertin, zhdanov, Zapolyarnin and Pirttivarvin Formations). Phyllite and
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phyllitic shales, siltstones, sandstones, sedimentary breccias, carbonates,
gritstones, and conglomerates are present in the zhdanov Formation. Ore
minerals here include pyrite, pyrrhotite, sphene, and leucoxene. The
Luchlompol Formation contains widely developed arkosic sandstone, siltstone,
conglomerate, gritstone, and carbonate. The rocks of this formation are
enriched in hematite and magnetite. The carbonates are enriched in
tourmaline, rutile, anatase, and apatite. The Kuverneriniok Formation
contains quartzites, meta-sandstones, siltstones and carbonates. Some rock
varieties are enriched in allanite. The Televin Formation includes
conglomerates and micaceous sandstones, Carbonaceous matter is found in
phyllite and siltstones of the zhdanov Formation, tuffogenic rocks in the
Matertin Formation, and sedimentary rocks of the Luchlompol and Kuverneriniok
Formations.

Intrusive Rocks

Intrusive rocks include ultrabasites, gabbro-diabases, and
andesite-dacite porphyry. The ultrabasites are werhlites and serpentinites;
associated minerals are pyrrhotite, pentlandite, chalcopyrite, pyrite,
magnetite, ilmenite, apatite, garnet, and chromite. Sulfide copper-nickel
mineralization is found. Gabbro-diabases occur in the depth interval 93.3 to
2,754 m among rocks of the Matertin, zhadonv, and Mayarvin Formations.
Accessory and ore minerals are sulfides, magnetite, ilmenite, apatite, and
sphene. There is also titanium (d.?%), chromium (0.02%), and vanadium
(0.03%). Andesite-dacite porphyry occurs in the depth interval 4,673 to 4,784
m among rocks of the Luchlompol Formation.

‘ Pol?metamorphic Rocks of the Archean Complex
The Archean complex starts at a depth of 6842 m in the Kola Series,
which is composed of gneisses with high-Al minerals, amphibolites,
meta-ultramafites, granitized gneisses (plagio-granites, granites, pegmatites)
and amphibolites. Small granite intrusions occur at 9,600 m.

‘Gneisses and Granitized Gneisses

Gneisses make up the larger part of the section penetrated. 1In the
muscovite-biotite-plagioclase gneisses with high-Al minerals, the accessory

minerals are apatite, magnetite, ilmenite, and zircon. The rock structure is
lepidoheteroblastic, locally porphyroblastic. Biotite-plagioclse gneisses
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with high-Al minerals have an insignificant admixture of Cr205, SroO, and

Ba0. Biotite is represented by three generations: Biotite from the granulite
facies occurs at 10,222 m; biotite from the amphibolite facies occurs at all
depths in the section in these rocks; and biotite from the epidote-amphibolite
facies is also widely dispersed. Muscovite replaces biotite. Garnet occurs
in two generations from the amphibolite facies and the epidote-amphibolite
facies. Epidote is characteristic in biotite-plagioclase and granitized
biotite-plagioclase gneisses, also forming two generations. Sphene also has
two generations, the first being enriched in titanium.

Amphibolites
Three types of amphibolites are present in the drill-hole section.
Hornblende amphibolite occurs along the entire section of the Archean. It is
composed of hornblende with lesser amounts of plagioclase and biotite.

Cummingtonite-hornblende~amphibolites are restricted mainly to
biotite-plagioclase gneisses and alumina-amphibolites. The cummingtonite is
replacing hornblende. The third types is an amphibolite transitional to
hornblendite (ferruginous amphibolites), It is first noted at a depth of
8,465 m and is composed primarily of hornblende and plagioclase. At depths
greater than 10,000 m garnet is present. The structure of the amphibolites is
grano-nematoblastic.

Meta-ultramafites

The meta-ultramafiﬁés are ultrabasic rocks metamorphosed to actinolites
and talc-actinolites. Actinolite is the most widespread and has an iron
content of 22 to 23 percent (actinolite in talc-actinolite rocks has an even
greater iron codteﬁti. Actinolite is replaced by phlogopite, which is present
in two varieties - iron-bearing (with a small admixture of titanium) and non-
iron-bearing. The rock structure is lepidoblastic.

Rock Alterations in the Polymetgmorphic Complex

In the Archean metamorphic structure, six processes are distinguished in
the drillhole: Metambrphism of the granulite facies; regional metamorphism in
the amphibolite facies contemporaneous with folding; retrogressive regional
metamorphism in the epidote-amphibolite facies; regional granitization under
the epidote-amphibolite facies - the formation of palgiognanites and granites
together with gneisses by metasomatic means; local manifestation of
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diaphthoresis in the greenschist facies along fracture zones; local

low-temperature metamorphism along zones of cataclasis.

The Temperature of Metamorphism

To estimate the temperature of rock metamorphism, equilibrium pairs of
minerals were used, which include amphibole-plagioclase; amphibole-biotite;
garnet-biotite; muscovite-biotite; and plagioclase-potassium feldspar. The
polymetamorphic Archean complex formed under a large range of temperatures.
The temperature regime of metamorphism is: For the granulite facies, 1,000 to
1,200°C; for the amphibolite facies, 800 to 850°C (including regional
metamorphism at 700-to 750°C); epidote-amphibole facies, 650 to 500°C

(including granitization under the epidote-amphibole facies at 650 to 600°C).

Rock-Forming Minerals in the Subsurface Vertical Section

The age of the crust penetrated by the drillhole is 1.6 to 2.8+ b.y. The
main rock types occurring in the Proterozoic section are metamorphosed
magmatic rocks such as metabasalts (diabases and actinolite-diabases;
apodiabasic-magnetite-amphibole-plagioclase schists; apohiabasic~amphibole~
plagioclase schists), meta-andesites (apoandesitic magnetite—biotité—
Plagioclase schists), metapicrites, metagabbro, metawerhlite, and meta-
sedimentary rocks (pelites, siltstones, sandstones, conglomerates, and
carbonate rocks). The main rock types in the Archean are biotite-plagioclase
gneisses, amphibolites, meta-ultramafites, plagiogranites, and granites.
Biotite is found primarily in- the Archean complex, at depths of 6,842 to
11,662 m. Garnets.are found primarily in Archean gneisses. The composition
and properties of the main types of rock-forming minerals of the metamorphic
rocks were determined for their location in the drillhole's vertical section;
this allows the possibility of estimating pP-T condition§ of the metamorphic

rock at various stages of development.
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Table .6 Paleotemperatures of metamorphism, determined
from mineralogical geothermometry
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Geochemistry and Environment of Formation of the Precambrian Complex

A systematic petrologic-gecchemical study of the Precambrian complex in
the Kola Superdeep borehole and the surroundings was conducted by the method
of layer-by-layer synthesis and analysis, involving the documentation and
testing of various rock types, delineated from core logs or from direct
observation of cores and outcrops. At each level unaltered or oniy slightly
altered metamorphic rocks were described together with the variability of
migmitization or metasomatic alteration and all types of secondary veins.
Intervals of similar rock types were organized into groups to establish their
petrograghic and geochemical characteristics, the parent rock type, and
compositional variations due to differences in depth and the intensity of
metamorpghism.

A stratigraphic description of the SG-3 borehole and its correlation
with the surrounding surface rocks was carried out: chemical trends related
to magmatic or sedimentary differentiation, or metamorphic zonation were
studied, and also the relationship between geochemical and the elastic-density
characteristics of the rocks - in order to determine the nature of
inhomogeneities of deep-crustal zones.

A. Pechenga Complex
In the interval from 0-6842 m, the Proterozoic Complex is divided into 8
formations:

0-1059 m Mmaterin formétion Tholeiitic metabasalts, including
olivine, normal, and alkali-poor
metabasalts, with minor metapicrites,
metapyroxenites, and metaperidotites.

1059-2805 m zhdanov Corresponds in both composition and
structure to the Quaternary [5/<J
sedimentary strata exposed on the
surface; broken down into four
rhythmically layered members: 1)
2619-2805m gravelly sandy; 2)
2155-2619m sandy-silty; 3) 1203-2155m
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tuffaceous-silty 4) 1059-1203m
tuffaceous-pelitic

2805-4673 m Zapolyarnin Largely (95%) composed of tholeiitic
basalts, including olivine basalts,
normal and alkali-poor basalts, with
subordinate meta-tuffs and
metasedimentary layers.

4784~4884 m Luchlompol

5642-5717 m Ruvernerinyiok These formations are similar in
structure and thickness: carbonates
in the upper layers and
meta-sandstones below; carbonate units
are largely dolomites with minor
sands; terrigenous units are arkosic
me ta~sandstones with minor dolomite.

4884-5642 m Pirttiyarvin Meta-trachybasalts (32%),
alkali-basalts (25%),
trachyandesite basalts (25%),
olivine and picrite basalts (10%),
andesites and trachyandesites (7%).

5717-6823 m Mayarvin ﬂormal andesite basalts (97%)

6823-6842 m Televin . Intensely metamorphosed gravelly-

plagioclase-rich sandstones

On the basis of geochemical data, two stages were delineated which show a
sharp change in the geotectonic regime during the development of the Pechenga
Complex. The Televin gprmatiop reflects only terrigenous processess; the
Ruverner inyiok and Luchlompol f;;mations reflect terrigenous-chemogenic
processess, and the Zhdanov formation -~ terrigenous processess with minor

terrigenous-chemogenic processess.

B. Archean Complex
The Archean Complex is composed of plagiogneisses and migmatites (66%),

amphibolites and amphibolite schists (30%), and granitoids (4%).

Conditions of Formation 3%
The development of the Archean Complex can be divided into two major stages:




first stage (greater than 2.8 billion years) was characterized by the
deposition of terrigenous and silicic-terrigenous-volcanogenic sediments (70%
of the thickness of the SG-3 borehole), emplacement of tholeiitic basalts
(23%) and the injection of comagmatic basite-ultramafié‘intrusives (7%). The
second stage entailed metamorphism to the granulite stage, followed by
retrograde metamorphism and ultrametamorphism to the andalusite-sillimanite
stage. The metamorphism was accompanied by migmatization and the emplacement

of veined granites (initial melt temperature 820-830°C) and plagio-pegmatites

(inital melt temperature 810-675°C)
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Table 1.7: a-Mean composition of metasedimentary aﬁd metavolcanic rocks of
the Pechenga Complex from the SG-3 borehole in the interval 0-6842 m.
b—-components

c-metasedimentary rocks

d-metavolcanic rocks

e-continuation of table 1.7

f-number of samples

g- 1) quartzo-feldspathic meta-sandstones; 2) arkosic meta-sandstones; 3)
meta-sandstones and meta-siltstones with carbonate cement; 4) sandy dolomites;
5) meta~siltstones, some with carbonate cement and sulfide minerals; 6)
meta-pelites, some with sulfide minerals; 7) meta~tuffites some with carbonate
cement and sulfide minerals; 8) meta-picrites; 9) picritic meta-porphyrites
(picrite basalts); 10-13) meta-diabases, plagioclase-~amphibolite schists and
amphibolites (10- olivine basalts; 11- basalts with some ferro-basalts; 12-
alkali-poor basalts; 13- spilitized basalts); 14-16)
biotite-amphibolite-plagioclase schists, some with magnetite; (14-
trachybasalts; 15~ andesitic basalts, with some pyroxene-olivine basalts, 16-
trachyandesite basalts); 17) quartz-biotite-amphibole-plagioclase schists,
some with magnetite (andesites); "L". and "N": rocks of the Luostarin (L) and
Nickel (N) series. Content of'ﬁajor elements in weight percent; trace

elements in grams/ton; dashes indicate element not detected.
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Pigure 1.28 - Petrochemical types and differentiation trends of volcanic
rocks of the Pechenga Complex: )

1-4~ Mean composition of meta-volcanic flows by formation: 1- Materin; 2-
Zapolyarnin; 3- Pirttiyarvin; 4- Mayarvin; 5- compositions of the

initial differentiates; 6-9- differentiation trends for the meta-volcanic
rocks; 6- Materin; 7- Zapolyarnin; 8- Pirtiyarvin; 9- Mayarvin (numbers
indicate the position of the volcanic series in the section, from top to
bottom); 10- evolution of the composition of the initial differentiates during
the formation of the Pechenga_Cohélex, I- zone of rocks with normal alkali
contents; II- subalkaline rocks; ITI- alkali-rich rocks. Differentiation
trends for volcanic rocks of island arc series: A-tholeiitic, B-
calc-alkaline, C-alkaline {62]. Numbers added to diagram:

1- picrites, 2-picrite basalts, 3- basalts, 4- trachybasalts, 5-
trachy-andesite basalts, 6- andesite basalts, 7- andesites
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Figure 1.29 Petrochemical types and differentiation trends of meta-intrusive
rocks of the Pechenga Complex:

1-5 - mean composition of meta-intrusive rocks, grouped by formation:
l-Luchlompol (a- mean, b-individual compositions of the post-Materin Complex),
2- Materin, 3~ Zhdanov, 4- Zapoiyarnin, 5- Mayarvin, 6-8- differentiation
trends for meta-intrusive rocks; complexes: 6- gabbro-werlite syn-Materin, 7-
gabbro—diabase syn-Materin, 8- gabbro-diabase pre-Materin; 9- differentiation

trend of metavolcanics of the Pirttivarvin formation. For further information

see figure 1.29.
a- lherzolite, b- werlite, c- gabbro-norite, d- essexite
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TABANUA I8

A~ CPERHHE COCTABLI METAHHTPY3IHBHLIX NOPOL NMENEHICKOTO KOMAJEKCA
H3 PA3PE3A CKB. CI-3

1 2 3 4 5 6
b - Kounosnentu 5 7o
~ < < R\A 4 (4 4 > n
Si0, 37,85 42,99 48,77 47,60 46.93 52,30 67,81
TiO, 1,01 2,28 1,54 1,69 3.80 1,96 0.65
Al;O4 3,67 7,07 13,39 13.22 10,41 14,81 14,74
Fe 04 7,51 4,44 2,26 3,02 2,47 2,17 173
FeO 10,38 12,25 12,83 12,08 14,74 11,05 3.19
MnO 0.20 0.19 0.24 0,22 0.21 0,19 0,07
MgO 26,17 18,12 6,74 6,24 7,82 2,64 2.10
Ca0 3,20 4,58 8,22 8,88 5,44 4,38 2,45
Na,O 0,17 037 2,72 2,68 0,13 3,86 2,77
K0 0.11 0,14 0.89 0.28 0,03 2,09 2,77
P20s 0,15 0,30 0,14 0,15 0,33 0,56 0.21
CO, 0,47 0,20 0,14 0,56 0,04 0.26 0.41
H,0~ 0,41 0,11 0,15 0,24 0.28 0.41 0,21
H,O0*+ 8,77 713 2,04 3,67 7,55 3,39 1,43
+n.nn .
Soem 0,28 0,44 0.05 0.11 0,09 0.27 0,15
Li 8,9 12,5 10,2 19,2 36,5 15.1 26.2
Rb 13,3 8.6 27.1 9,7 5,0 42,7 115,5
Sr 5.0 13.0 17.7 33,9 12,5 67.6 47,2
Ba 13,5 23,5 108,0 753 10,0 256,7 4259
B 67,7 12,8 6.9 14,6 9,2 18,6 240
Sc 47 6.5 4.5 13.0 9,0 2,0 5,0
Ga 5.7 7.5 18,6 13,8 115 28,1 22,7
La 12,0 173 10.4 12,5 — 418 39.4
Ce 21,0 32,0 32,4 15,4 - 51,3 96.9
Sm 24 43 4,1 5,6 _ 12,6 7.6
Eu 0,60 11 1,6 1,4 —_ 28 1.5
Yb 2,0 1.8 1,9 2.9 —_ 3.5 5.0
Lu 0,40.- 0,30 0,70 0.50 - 0,60 0.50
Th 1.2 1,2 1,0 0,60 — 4.9 15,6
U 0,20 0,50 0,70 - - 0,60 6.4
Ge - 12 2,1 0.58 1.4 2,8 1,6 0.54
2r 30,6 55,0 26,7 48,0 70,0 139.0 186,7
Sn 6.0 43 " 28 4.7 7.0 6.3 6.3
Hf .10 2,3 3.0 1,9 — 4,9 6.9
Nb 34 7.1 99 3.2 10,0 17,6 75
F — — 1413 | 551 — - 4722
Cu ’ 1022,3 2379 192,7 227 400,0 54,8 17.9
Zn 190,7 160,3 94,7 144.6 215,0 396,2 354
Ag 0,27 0,03 0,05 0,03 0,03 0,01 0.14
Pb 15,6 5.0 17.6 10,0 4.5 8,5 35.4
Mo 49 2,1 0,93 1,36 1.5 5,6 1.0
v 183,9 184,1 | 280,7 | 3620 160,0 48,0 74.7
Cr 1603,5 9770 2547 83.8 155,0 20,1 29,4
Co 207,7 90.3 58,1 50,1 40,5 20,5 178
Ni 25192 | 11216 147, 103,0 1150 17,7 125
& - Yneao npo6 26 34 16 128 3 39 27
[e=2 — METAMEPHAOTHTH, XACPHT-CEPUEHTHH-TIILKOABE H X.IONHT-TPEMOIHTOSBE Cranuw (I — acp-
HOAHTM, 2= ACDUONHTOBEPANTH); 3—4 — MeTaraGopo-Axa6a3L, MEIIHOKPATOHbIE NIATNOKAII-aMDUOH
JoBhe CIARUE W aMOHGONMTM (3 — raGGPOHOPHTH, 4 — HOPNTHI); 5 — 3CUEKCHTOBBIE METITISGHO-IH4-
d G23u, 6 — EMIAEIHTO-AALHTOBLIE MCTAMOPOUPHTH. 3. C, N — HHTPYIHBHBIE KOMAIEKCH (1 — dowatep:

THHCKHA, € =~ CMHMATEPTHHCKHA, A — NOCTMITEPTHHCKHI), COJEPMAHHA NETPOrEHHMX 3SJAEMENTOR latid
3 %. SBCWENTOR-UDHNECER — B [/T; APONEPK — COAEPMINNA HE ONPEALARAUCH.
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Table 1.8

a- Mean composition of meta-intrusive rocks of the Pechenga Complex from the
SG-3 borehole.

b- components

c- number of samples

d- 1-2 - meta-peridotites, chlorite-serpentine-talc schists and
chlorite~tremolite schists (1~ lherzolites; 2- lherzolite-werlites); 3~4 -
meta-gabbro-diabases, melanocratic plagioclase-amphibole schists and
amphibolites (3- gabbro-norites, 4- norites); 5- essexite
meta-gabbro—-diabases; 6- andesite-dacite-meta-porphyrites; S, pr, po -~
intrusive complexes (Pr~ pre-Materin, S- syn-Materin, po- post-Materin).
Content of major elements given in weight percent; trace elements in

grams/ton; dashes indicate element not detected.
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Figure 1.30 Distributional treﬁds of rare—-earth elements in meta-volcanic (a)
and méta-intrusive rocks (b) of the Pechenga Complex.

1-10 - mean compositions of meta-volcanic rocks: 1- meta-picrite basalts; 2-
olivine meta-basalts; 3- differentiated meta-basalts; 4- meta-basalts; 5-—
alkali-poor meta~basalts; 6- spilites; 7- meta-trachybasalts; 8- meta-andesite
basalts; 9- meta-trachy-andesite basalts; 10- meta-andesites; 11-15 - mean
composition of meta-intrusive rocks; ll- meta~lherzolites, meta-porphyrites;
12- meta-lherzolite-werlites; 13- essexite meta-gabbrosi 14-meta~gabbro
norites; 15- dacite meta-porphyrites; 16-17 - content of rare-earth elements
in meta-volcanics of the first (16) and second (l17) tectono-magmatic cycles;
18-21 - distribution of rare-earth elements in meta-intrusive rocks of the
gabbro-diabase pre-Materin; (18) gabbro-diabase; (19) and gabbro-werlite
syn-Materin; (20) and dacite-meta-porphyrite post-Materin; (21) Complexes; 22-
field of continental and island-arc basalts (a) and differentiated trap
intrusives; (b) 23- field of oceanic basalts;

(a) and ultrabasites; (b) A-C

trends of volcanic rocks, from {[62]: A- island arcs and active continental

margins, B- oceanic islands, and C- mid-ocean ridges.
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Figure 1I.31 Peﬁrochemicaludifferentiatibn trends for sedimentary rocks of the
Pechenga Complex: (

A- Terrigenous rocks

B- Carbonate-terrigenous rocks

C- Terrigenous-carbonate rocks ‘

1-4 - composition of rocks f;oﬁfﬁore-hole SG~-3 (a) and surrounding surficial
rocks; (b) 1- Zhdanov formatioh; 2- Luchlompol formation; 3- Ruvernerinyok
formation; 4- Televin formation; 5-6 - plagiogneisses of the Kola Complex (5)
and their general distribution field (6); 7-10 - differentiation trends of
sedimentary rocks of the Zhdanov (7), Televin (8), KRuvernerinyok (9), and

Luchlompol (10) formations.
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Figure I.33 Distributional trends for rare—earth elements in metasedimentary
rocks of the Pechenga Complex. Formations: 1- Zhdanov, 2- Luchlompol, 3-
Ruvernerinyok, 4- Televin, 5~ gneisses and plagio-gneis;es of the Kola
Complex; 6-13 -~ fields of metasedimentary rocks of the Pechenga Complex (6-
arkosic meta-sandstones, 7- quartz-plagioclase meta-sandstones, 8-
plagioclase-quartz meta-sandstones, 9- meta-siltstones, 10- meta-mudstones,
l1l- meta-siltstones with traces of tuffaceous material, 12— meta-tuffites, 13-
sandy dolomites and limestones); 14-16 - rare—-earth element trends in rocks
of the Kola Complex (14), Luchlompol and Kuvernerinyok formations {(15), and
zhdanov formation (16). 1- sandy dolomites; II- silty-mudstones; III- silty
sandstones; IV~ sandstones.
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Pigure 1I.34 Distribution of trace-elements in the major types of
meta-volcanic rocks of the picrite-basalt (1) and andesite-basalt (2) stages
of volcanism in the Pechenga. Complex: I- meta-picrite basalts; II-

meta~basalts; III- meta-andesite basalts; IV- meta-andesites.
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Figure I.37- Variation of water content with depth in zones of progressive
metamorphism in rocks of the Pechenga Complex. 1- meta-volcanic rocks; 2-
tuffaceous meta-sedimentary rocks; 3- facies boundaries (a- ‘

prehnite-pumpellyite; b- greenschist; c~ epidote-amphibolite); 4~ trend of

variation for mean water content.
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Table

I.9- Physical state and composition of metamorphic solutions at various

stages of transformation in rocks of the Pechenga Complex. A - metamorphogenic

rocks, isofacial folded veins;

(1) B- folded retrograde veins
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Table 1.9 continued
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Figure I.39 Mineralogical classification of metamorphic rocks of the Kola
Complex. Rock groups: l- schists; 2- gneisses and plagiogneisses; 3-
quartzites; 4- K-feldspar rocks 5- amphibolites. Rock types: 1A, 1B-
submicaceous schists (1A- feldspatho—quartzitic; 1B- quartzo-feldspathic); 2A,
2B~ melanocratic micaceous schists (2A- feldspatho-quartzitic; 2B-
quartzo-feldspathic); 3a-3D- melanocratic micaceous schists
(3A-feldspatho--quartzitic; 3D- feldspathic); 3B - 3C - mesocratic gneisses
and plagiogneisses (3B- feldspatho—quartzitic; 3C- feldspathic); 4A-4D -
leucocratic schists (4a- feldspatho—quarﬁzitic; 4D- feldspathic); 4B-4C -
leucocratic gneisses and Plagiogneisses (4B feldspatho-quartzitic; 4C-
quartzo-feldspathic); 4E- feldspathic rocks (anorthosites); SA- mica-amphibole
(pyroxene) gneisses and plagiogneisses; 5B- amphibole-(pyroxene)-mica gneisses
and plagiogneisses; 6- amphibolites; 7A-7B - amphibolite schists,
hornblendites, pyroxenites (7a- mica-amphibole (pyroxene) schists; 7B-

¢

amphibole (pyroxene)-mica schi;ts).
A: quartz ,'_:j
B: biotite + muscovite
C: plagioclase + K-feldspar
D: hornblende
E: hornblende + pyroxene

F: plagioclase
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Table 1.10

Nomenclature of Archean metamorphic and granitoid rocks from borehole SG-3
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- [AaPSR e T D
Fey to Table I, it

A)-1: two-mica schists and plagiogneisses with high-Al minerals: (garnet,
staurolite, andalusite, sillimanite).
2: Biotite plagiogneisses and gneisses

3: Epidote-biotite plagiogneisses
4: Hornblende-biotite schists and plagiogneisses

B)
1: Two-mica schists and melanocratic plagiogneisses with high-Al minerals
Mesocratic plagiogneisses with high-Al minerals.
Leucoratic plagiogneisses with high-Al minerals.
2: Leucocratic biotite plagiogneisses (quartz less than 10%).
Leucocratic biotite gneisses
3: Leucocratic epidote-biotite plagiogneisses.
Mesocratic epidote-biotite plagiogneisses

4: Hornblende-biotite plagiogneisses

l: Amphibolites
2: Gabbro-amphibolites
3: Amphibolite schists

l: Fe-Mg-amphibolites
Fe-amphibolites
Al-Mg-amphibolites
Si-amphibolites

2: Porphyroblastic Fe-amphibolites

3: Actinolite schists

Talc-actinolite schists

1: Plagiogranites

2: Granites

3: Alkali-poor granites

1l: Plagiogranites

2: Plagiopegmatites

3: Granite porphyries

G) Field number as in Fig. 1.39; specific designation of rock also given in
Fig 1.39

1: 6-bilotitized varieties
2: A,B-ditto
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Fig. 1I.40 Histograms of elongation (E) and pie diagrams showing the

distribution of euhedral (eu), rounded (ro), and angular (an) grains of
accessory zircon in plagiogneisses of the Archean Complex. Two-mica schists

and plagiogneisses with aluminum-rich minerals: a- series I; b- series III.
Leucocratic biotite gneisses; c- series II; d- series IV. The relative
proportion of opaque zircons is indicated by the stippled area; P,% -

frequency of occurrence.
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Fig. 1I.41 Modal composition of migmatites and granitoids of the Archean
Complex plotted on the ternar&’diagram albite-quartz-orthoclase [19]:

1 - leucosomes of plagioclase migmatites and two-mica plagiogneisses and
schists with high-Al minerals (a); and leucocratic biotite and epidote-biotite
plagiogneisses (b); 2-leuéoéomes of microcline-plagioclase migmatites; 3-5 -
Archean Complex dgranitoids: 3a - plagiogranites, 3b- plagiopegmatites; 4a-
granites, 4b -~ granite pegmatoids; 5- granodiorites; late-folded granites; 7-
porphyritic granites and pegmatites; 8-compositional field for plagiogranites,
granodiorites (a) and granites (b); 9- projection of cotectic lines in the

system quartz-albite-orthoclase-water at PHZO = 0.02, 0.04, and 0.07

giga~Pascals.
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Table I.11
Average composition of rocks from SG-3 (6842-11,662 m)
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1-3 - Two-mica plagiogneiéses with high~alumina

minerals (l1- melanocratic,

As

2- mesocratic, 3- leucocratic); 4-5 - leucocratic biotite-plagioclase

plagiogneisses (4- quartz content less than 10%, 5- quartz content more than

10%): 6~ leucocratic biotite gneisses; 7-8 epidote-biotite plagiogneisses (7-

(9-

N

isses

); 9-10 - hornblende-biotite plagiogne

-

leucocratic, 8- mesocratic
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21- porphvritic
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t, trace elements in g/ton
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15
20- granite pegmatoids

mesocratic, 10- melanocratic); 1ll- Fe-Mg amphibolites; 12; Fe-amphibolites;

101

€8

26
Major-element content

13- porphyroblastic Fe and Fe-Mg amphibolites; 14- Si-amphibolites; 15- Al-Mg

amphibolites; 16- actinolite schists; 17- talc-actinolite schists; 18-

plagiogranites; 19- granites;

granites.
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FPig. I1.42 Distribution of trace

plagiogneisses with high-alumina minerals for the Rola-Complex section (a)

associated migmatites (b)

elements in paleosomes of mesocratic
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Fig. I1.43 Chemical composition of migmatites and granites of the Archean
Complex: 1-3 - migmatites (l-paleosomes, 2- leucosomes, 3- melanosomes) from
two-mica schists with high—aLgmina minerals (a), mesocratic plagiogneisses
with high—-alumina minerals (b), leucocratic plagiogneisses with high-alumina
minerals (c), leucocratic biotite plagiogneisses with more than 10% quartz
(d), less than 10% quartz (e), and leucocratic biotite gneisses (f); 4-8 -
granitoids (4- plagiogranités less than 1lm thick; 5-granites less than 1m
thick, 6- plagioéranites greater than 2m thick, 7- granites greater than 2m
thick, 8- pegmatoids); 9~ late-folded granites; 10- porphyritic granites;
estimated composition of migmatites from two-mica schists with high-alumina

minerals (a,) and mesocratic plagiogneisses with high-alumina minerals (b,)
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Fig. I.44 Distribution of rare-earth eléments in biotitized amphibolites (a),
amphibolite schists (b), migﬁétized two-mica plagiogneisses with high-Al
minerals (c), and leucocratic biotite plagiogneisses (d): K= Bi (M) /P, where
Bi(m) is the content of REE in biotitized (Bi) or migmatized rocks; P is the
REE content in the country fock (paleosome); the degree of biotitization is 1-

5-25%, 2- 25—50%; 3- migmatites; 4- leucosomes.
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First half of figure I.45

Fig. I.45 Vertical zonation of metamorphism in the section from borehole
SG-3: 1-5 - metamorphic rocks (l- metabasites, meta-ultrabasites, 3-
metasedimentary rocks, 4- biotite plagiogneisses, 5- sillimanite gneisses);
6-11 - progressive metamorphic facies: 6- prehnite-pumpellyite, 7-9 -
greenschist (subfacies: 7- epidote—chlorite, 8- biotiée-actinolite, 9-
biotite-amphibolite), 10~ epidéte—amphibolite, 11- amphibolite; 12- retrograde
greenschist facies; content of metamorphic minerals: 13- prograde, l4-
retrograde stage. Mineral associations of metabasites are shown on the
composition-paragenesis diagrams for the prehnite-pumpellyite, greenschist,
and epidote-amphibolite facies; for the amphibolite facies the mineral

associations of metabasites (above) and gneisses with high-Al minerals are
shown. .
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Fig. I.46 Lithological cross section for boreholes SG-3, 1886, and 1885: 1l-
metabasites, 2- meta-ultrabasites, 3- metasedimentary rocks, 4- boundary
between prehnite-pumpellyite (above) and greenschist facies (below), 5-

boundary for the replacement of clinopyroxene by actinolite.
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Fig. I.47 Compositional-paragenetic diagram for metabasites of the
greenschist facies. Numbers near mineral abi?eviatfkons indicate the relative

~ ~

proportions of ferrous iron (ferrous/ferrous + ferric).
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MINERALIZATION

The major ore deposits of the northwestern Kola Peninsula belong to
the Pechenga copper-nickel sulfide district. The majority occur in the
Pechenga Complex, but some are in the Kola Group. In addition, there are
iron quartzites, muscovite-~bearing pegmatites, and hydrothermal lead-zinc
veins.

Gorbunov established that the Pechenga deposits are spatially and
genetically connected with mafic-ultramafic intrusives, having a primary
metamorphism and hydrothermal activity that produced rich epigenetic
ores. Most of the nickel intrusives are concentrated in the upper and
lower parts of the Zhdanov Formation in two trends, Eastern and Western.

Transverse folding of the tuffaceous-sedimentary rocks and
intrastratal disturbances play a role in localizing the nickel
intrusives. The intrastratal disturbances usually affect the bottom
portions of the mafic-ultramafic intrusives and control epigenetic
breciated ore bodies.

One of the main goals of the Kola Superdeep, located in the center of
the Pechenga district, was to evaluate the potential for Cu-Ni ores at
depth, and this has been accomplished. A previously unknown zone of
ultramafics and Cu-Ni ores was drilled through in the middle Zhdanov Fm.
Further drilling indicated mineralization of various types not only in
the Pechenga Complex but in the undeflying Kola Group.

Ore minerals were foﬁnﬂ in the entire section of the Kola Superdeep;
pyrrhotite, chalcopyrite, pentlandite, magnetite, ilmenite, and
leucozene. Sulfides ranged from isolated grains to 50%. Greatest
concentrations were in éones of pyrrhotite mineralization in the
tuffaceous—sédimentary rocks of the Zhdanov Fm. This formation also
hosts the ultramafic intrusives with the Cu-Ni mineralization. The
deepest 3000 m of the Pechenga Complex contain less that 1% sulfides and
only in the 6000-6835 m interval do sulfides reacly 4%, where they include
chalcopyrite. The sulfides’form streaks of disseminated grains (from
hundredths of a mm up té 2 mm), veinlets, pods and lenses, in which they
are associated with quartz and calcite. Quantities are significantly

higher in zones of cataclasis and phyllonitization.



Sulfides were found also in the Kola Gfoup. Contents vary: in
gneisses from isolated grains to 0.5% (1-2% in some specimens), in
amphibolites 0.1 to 0.3% (3-5% in local segregations), and in
meta-ultramafics 0.1 to 0.5%. ’}

Oxide mineralization also occurs through the entire depth, bug‘more
evenly diiributed than the sulfides. Opaque oxides range from isolated
grains up to 5-10%. They predominate over sulfides in the whole section,
except in the zhdanov Fm. They include magnetite, titanomagnetite,
chrome spinal, ilmenite, rutile, hematite, and leucoxene. Magnetite is
most important in the Proterozoic section; ilmenite, magnetite and rutile
in the Archean. Rarer minerals were found -- see table 119. Types of
mineralization found are:

1) Cu-Ni sulfide mineralization associated with the mafic-ultramafic
intrusives in the Zhdanov Fm. and in metamafites and meta-ultramafics of
the Kola Gp.

2) Fe-Ti mineralization in metamafites of the Kola Gp.

3) Fe—quartzites within the granite-gneisses of the Kola Gp.

4) Hydrothermal sulfide mineralization in retrograded shear zones in
metamafites of the Pechenga Complex and in rocks of the Kola Gp. The
fifst ié of both theoretical and practical importance; the rest are of

theoretical importance only.

CU-NTI SULFIDE MINERALIZATION
CONDITIONS OF OCCURRENCE

(Details of occurrences mentioned above, mostly in the Pechenga
Complex)

Types of ore and their Mineral Composition. 1In the Proterozoic
complex there are three types of ore: disseminated ores in altered
periodotite, breccia ores in disturbed zones, agd veinlet and
disseminated ores in phyilites. Lean ores in the periodotites have less
than 2-3% sulfides and about 5-7% oxides but are upgraded by alteration
to over 15% sulfide. Breccia ores run from 20 to 90% sulfides. Veinlet
and disseminated ores in phyllite from 2 to 60%. Pyrrhotite is the
dqminant mineral in each, with subsidiary pentlandite and chalcopyrite.
Considerable descriptive and analytical detail follows, but anything
indicative of drades and bondages. of copper and nickel is conspicuously

absent. o ] ’ ’ "6 -



Genesis

The source of Cu-Ni ores was doubtless the ultramafic intrusives.
Ni-rich pyrrohoite ores extend only 10.5 m from the contact of
serpentinized periodotite into underlying phyllites. We suggest the
surrounding tuffaceous-sedimentary rocks have a massive sulfide-type

pyrite-pyrrhotite mineralization.

Fe-Ti mineralization in metamafites.

Magnetite, ilmeanite, and sometimes rutile occur through the whole
section. They reach a high concentration in the Kola Group at 8711 m in

schistose biotite amphibolite and metamorphosed gabbro.
Fe—-quartzite

Fe-quartzite (7635 m) has a banded texture, with biotite-quartz
layers alternating with magnetite-rich layers. The magnetite runs 20-30%
in 0.1-0.3 mm grains. One sample has accessory apatite, zircon, and
allanite, which is not characteristic of banded iron formations, but the

magnetite is chemically pure, which: is characteristic of BIFs.

Hydrothermal sulfide mineralization in zones of retrograde
metamorphism along fractures. These are found at depths of 6 to 10 km
in both complexes. -Sulfide mineralization is thinly disseminated or
rarely in richer lenses and veins, and consists of pyrrhotite, pyrite and
chalcopyrite, with rarer sphalerite, galena, bornite, molybdenite,

\
argentopentlandite, andsiegnite, with various gangue minerals.
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The Kola Superdeep confirms predictions on the presence of Cu-Ni
sulfide ores at depth in the Pechenga District. It has been established
that these ores are found in the same geologic environment as the other
deposits of Pechenga, lying at the contact of metaperidotites with
phyllites, complicated by zones of phyllonitization. In textural and
structural characteristics, mineralogy and genesis, the ores are like
those at the surface, indicating persisteance to depth, with a significant
fall-off at 2.5 km. An important find is the previously unknown zoane of
ultramafics and Cu-Ni ores in the middle of the tuffaceous-sedimentary

rocks of the Zhdanov fm.

These findings change current ideas on the vertical zonation of
endogenous mineralization in the ores, and clarify the occurrence of

various types of mineralization at depth under conditions of varying age.
FRACTURES AND MINERALIZED FISSURES

All investigators have emphasized the importance of fracturing in the
geology of the Pechenga region. Gorbunov et al., have established five

stages in the history of the ore deposits:

1) Eruption of mafic volcanics and intrusion of gabbro-diabase sills;
2) Karelian folding and intrusion of mineralized mafic and ultramafics;
3) Change of stress directions leading to cross-folding;

4) Metamorphism of rocks and ores under conditions of brittle
deformation;

5) Displacement of ore bodies along faults with the formation of clayey

gouge .

4

Investigation of thetgola Superdeep core was not able to detect the
entire history of fracturing as determined from surface exposures.
However, it did offer the rare opportunity to investigate the internal
structure of the fractures, the relation between metamorphism and
faulting, and the vertical zonation and quantitative characteristics of

mineralized fractures.
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Systematic observation of the internal structure of fractures and the
distribution of mineralized veins was carried out down to 7 km. This is
for two reasons: 1) the homoclinal attitude of the beds of the Pechenga
Complex and the reliable correlation of the sedimentary-volcanic beds
with those cropping out at the surface, 2) the recovery of core in this
interval by a straight core barrel, which quaranteed the preservation of

the core "up-down"” and its relative position within a single trip. At

greater depths these data were intermittent, but still of interest.

Fractures and Dislocation Metamorphism

Dislocation metamorphism (alteration.associated with faulting) was’
studied in the Kola Superdeep through the texture and structure of the
rocks and the mineral associations including their fabric. (Fig. I-60).
There are three groups of textures associated with dislocation
metamorphism: banded-phyllitic for sandstones, siltstones and
fine-grained tuffs; schistose for the metamorphic, pyroclastic and

intrusive rocks, and finally cataclastic.

The fullest data were obtained from the Pechenga Complex, showing

increasing intensity of deformation and recrystallization downward.

Down to 4340 m dislocation metamorphism was restricted to fairly
narrow seams, the internal texture of which is determined basically by
the original rock. Below this depth, original lithology becomes
secondary, and all the rocks have undergone a prbcess of schist

formation, with a regu}a{ oriented fabric of metamorphic minerals.
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MINERALIZED FISSURES AND THEIR DISTRIBUTION WITH DEPTH.

One of the unexpected findings was the wide distribution at all
depths of fissures with various mineral fillings. These were
systematically studied. Doubtless unmineralized factures exist, but the
logging techniques were unable to spot these in the outside of the hole,
and in the cores the only unmineralized fractures that could be
confidently distinguished were those that were a consequence of the
drilling and core-~handling itself.

Mineralized fractures in the cores were divided into two classes each
with two subclasses A) lithogenetic or premetamorphic (A-~1l diagnetic
fractures in the weakly metamorphosed sediments and A-2 contraction
fractures in the diabase sills) and 8) tectonic (B-1 associated with
prograde and B-2 with retrograde metamorphism).

Fractures also classified by orientation: Series I)IGWCérdant with
contacts and primary textural elements of the rock;

Series II) High angle, almost perpendicular to same, transverse
fractures;

Series III) High angle, at angles less than 30-—60o to same, diagonal
fractures; ‘

Series IV) Slanting, wiéh a thrust relationship to same.

Fractures were investigated in homogeneous intervals. The basic
measurements were the number of fractures per meter of core and the total
thickness of veins énd veinlets per meter, as a whole and in each of the

four series, as summarized in the various figures and tables.
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Discussion of Findings

In the early stages of the geologic development of a single region, the
Character of deformation varies in dependence on the geothermal regime,
which in turn involves a more markedly zoning or a more uniform vertical
profile. Under conditions of low heat flow, shallow-type fracturing may
extend to great depths. It must be added that 10-11 km is the minimum
depth of the zone of regressive dislocation metamorphism. Unfortunately,
its geologic age, and the amount of cover eroded are not precisely

known. Tentatively, 3-5 km may be taken as eroded, so the zone of
crushing, fracturing and low-temperature mineralization in the Baltic

Shield may originally have reached to 15 km,

FRACTURING, PHYSICAL PROPERTIES AND ANISOTROPY OF THE ROCK

Fracturing in the cores was compared with bulk measurements of
density, total porosity, natural moisture content, open porosity, and
velocities of compressional and transverse waves in three mutually
perpendicular directions. A clear connection was established between the
progressive metamorphism and the thrust-slice displacements of the
Pechenga (omplex along conformable faults. It was established that the
downward increase of the temperature of metamorphism is accompanied by
the transition from brittle to ductile deformation, with the appearance
of extensive oriented recrystallization and neocrystallization of
minerals, and the development of anisotropy toward elastic waves.

Extensive statistical data ‘was for the first time obtained on the
distribution of mineralized frac;urés to a deptﬁ of 7 km. The important
factors determining thezégequency, orientation and mineralization of
fractures were determined. It was found that mineralized zones of
crushing, cataclasis, fracturing and low temperature hydrothermal
alteration, including sulfide mineralization, extend to depths 3 or 4

times what had been supposed from general principles.
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In distinction from the near-surface situation, there was established
a direct correlation of the intensity of development of mineralized
fractures not with the porosity of the rock but with the anisotropy of

the elastic properties and the dispersion of the compressive waves.
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Fig. I.63 Influence of lithology on frequency of mineralized fractures
and thickness of veins (Xm) in the four series of fractures. Rock

types: I gabbro-diabase, II mafic tuffs, III peridotites, IV mafic lavas,

V sedimentary
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Fig I.64 Influence of depth on distribution of mineralized fractures in
metabasites. a) Number of fractures per meter; b) Total thickness (cm)

of veinlets per meter; o) percentage of shear fractures; d) distribution

in groups 1l-4.
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GASES, ORGANIC MATTER, and HYDROGEOLOGY

The results of studies of gases and organic matter is timely since one
of the important problems that may be solved by drilling of Middle Proterozoic
and Archean metamorphic complexes is the connection between hydrocarbon gases
and other forms of organic matter in metamorphic rocks.

Organic matter is defined as dispersed reduced forms of carbon and
carbonaceous matter and graphite, independent of origin: thereforg the symbol
Co:g is equally applicable for metasediments as well as for highly
metamor phosed rocks.

Free gases of dispersed gas-producing zones, gases sorbed on grain °*
sur faces, gases bound in c;acks, and gas inclusions were studied. Gasometric
determinations were made in drilling fluid and thereafter at different time
intervals. The predominantly uncased hole (after 2 km) allowed the entire
section to be tested. Gas content in closed pores and in extracted cores
permitted calculation of the fraction of the total gas fraction in the

drilling fluid.

WELL GASOMETRY

Drilling fluid was sampled at the well head everf 2-10m of drilling.
The sampling probe was thermally degassed with a GBE degasifier (heated to
60-70°C), and the gas components were analyzed chromatigraphically.

Gasometry results‘of the drilling fluid are presented in Figure I.66 in
cubic meters of gas per cubic meter of drilled rock. Anomalously high
concentrations were detected for all components down to 11,500m. Helium was
used to detect zones of gas permeability. Anomalously high gas shows stemmed
from lithologic and structural-tectonic properties of the rocks (fractures,
schist formation, sealing factors), A lithologic control on gas shows was
established only in the Middle Proterozoic Zhdanov volcanic-sedimentary
formation where the concentration of methane was characteristic for the
metasediments and volcanic-sedimentary rocks at various intervals from 1050 to
2770 m.

Concentration of associated methane was anomalously high in the
metasediments, but was less than 20% of the total concentration in the
drilling fluid. Methane conten* decreased with depth to 0.05% in the
Proterozoic complex, and to 0.03 ~ 0.01% in the Archean (7500 to 11,050m).
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Figure I.66. Gasometric results of drilling fluid during

drilling of CG-3 at intervals of anomalously high gas indications
(cross hatched).

¢

Given are mean Values7by interval (shaded), dotted lines signify
intervals where He was detected during repeated gasometry of
drilling fluid during breaks in drilling operations. Background

concentrations are in cubic meters of gas per cubic meter of
drilled rock: He - ....., HH& - 0.2x10"%<.
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Supersaturation of the drilling fluid by the gas components during
drilling was observed in the Upper Proterozoic as a spontaneous release of gas
from solution in various intervals from 1100 to 4570m. Anomalous heavy
hydrocarbon gas (HHG) contents coincided with anomalous methane concentrations
at various intervals, whereas their absolute and relative values in the total
hydrocarbon gas concentration increased, especially after 8800m.

From repeated gas sampling of drilling fluid during drilling intervals, a
number of intervals with increased gas shows indicated by helium could be
classified as dispersed and gas permeable (4800-10,750m) .

Helium content of the rock based on gasometry data from the drilling fluid
is presented in Figures I.67 and 1.68; this identifies the fraction of bound
helium released from the rock during drilling, which did not exceed 10% in the
fluid-permeable zones in the Proterozoic and ranged from 30 to 100% in the
massive rock. In the Archean gas-permeable zones it ranged from 0.4 to 4%,
and 10-40% in the relatively impermeable blocks.

The information content from the carbon dioxide after 8800 m is balanced
against the addition of sodium carbonate to the drilling fluid at 8700m:;
however, the spikes of helium, nitrogen, hydrogen, methane, and HHG indicate

that the carbon dioxide content is not simply due to contamination.
GASES IN ROCKS

Studies of gases in the closed rock pores in Kola Drillhole SG-3 are
applicable in solving the following problems: establishing a relationship
between the distribution of gases in ancient crystalline rocks of different
origin and composition as'a function of depth and geological setting;
determining the role of the gaseous phase in the processes of endogenic ore
formation and metamorphism from prehnite~pumpellyite to amphibolite facies
with active granitization; establishing the gas fraction in closed pores
relative to the gas content in the drilling fluid to identify fluid conducting
zones and also the specific gas content of the rodks.

The principal charaqtéffstics of the helium and hydrocarbon gas (HG)
distribution in SG-3 shéwﬁ in Figures 1.67-70 are:

1. A decrease in total HG down to 4884 m; and subsequent stabilization
of the average values with second order variations depending on rock type and
classification as formation or strata. For example, the metasediments of the
Zhdanov Formation are distinctly different from the extrusive and intrusive

Proterozoic rocks; a strong reduction in HG for metasediments at the
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